Total RNA was extracted using an improved CTAB method (Gareth et al., 2006) . Three 1 7 8 micrograms of RNA per sample was used as input material for the RNA sample preparation. 1 7 9
Sequencing libraries were generated using NEBNext Ultra RNA Library Prep Kit for Illumina 1 8 0 (NEB, USA) following the manufacturer's recommendations, and index codes were added to 1 8 1 attribute sequences to each sample. The clustering of the index-coded samples was performed on a 1 8 2 cBot Cluster Generation System using a TruSeq PE Cluster Kit v3-cBot-HS (Illumina) according 1 8 3
to the manufacturer's instructions. After cluster generation, the library preparations were 1 8 4 sequenced on an Illumina Hiseq platform, and 125-/150-bp paired-end reads were generated. 1 8 5
HTSeq v0.6.1 was used to count the read numbers mapped to each gene. The fragments per 1 8 6 kilobase of transcript per million mapped reads (FPKM) of each gene was then calculated based 1 8 7
on the length of the gene and the reads count mapped to this gene. Droplet digital PCR analysis 1 8 8
was conducted according to the previously described methods (Chi, et al., 2017) . The results 1 8 9
represent mean values of three replicates. All the data were subjected to one-way analysis of 1 9 0 variance followed by Student's t-tests. 1 9 1 1 9 2 Results 1 9 3
Identification of brown algal mannitol metabolism genes 1 9 4
Genomic sequencing data of S. japonica and transcriptomic data of 19 brown algal species 1 9 5 belonging in Laminariales, Ectocarpales, Desmarestiales, Dictyotales, Fucales, and Ishigeales 1 9 6
were identified by BLASTX analysis for mannitol metabolism genes. Two unigenes were found to 1 9 7 be related to M1PDHs in most species (named M1PDH1 and M1PDH2 according to the naming 1 9 8
convention for E. siliculosus M1PDHs), and only two Ectocarpales possessed the third M1PDH 1 9 9 like E. siliculosus (Table S1 ). The identity between M1PDH1 and M1PDH2 within species was 2 0 0 approximately 55.1-58.6%. M1Pase genes showed more conservation in brown algae. All 19 2 0 1 species contained two homologs of M1Pases, which were named M1Pase1 and M1Pase2, and 2 0 2 their identity within species was 55.6-68.2% (Table S2 ). Only one M2DH was verified in 15 2 0 3
Phaeophyceae species, and the identity between different species was approximately 69.9-72.8% 2 0 4 8 (Table S3 ). All 19 species contained two homologs of HKs, which were named HK1 and HK2, and 2 0 5 their identity within species was approximately 61.0-67.4% (Table S4) were identified, while M1PDH1 and M1PDH3 had an additional extension N-terminal domain 2 1 0 ( Figure 1A ). The comparison of M1Pases confirmed the conservation of brown algal M1Pases, 2 1 1 including the catalytic machinery and the Mg 2+ cofactor binding site ( Figure 1B substrates. Reduction of F6P, G6P, and G1P and oxidation of M1P, F6P, G6P, and G1P were tested. 2 2 0
These experiments showed that the SjaM1PDH2 enzyme only had reduction activity in the 2 2 1 direction of mannitol synthesis; no oxidation activity was detected (Table 1 ). In addition, the 2 2 2 reduction activity was also detected for other sugar substrates, indicating that SjaM1PDH2 was 2 2 3 not specific for F6P ( SjaM1Pase1 for such substrates was always lower than for M1P, as was observed for most brown 2 3 2 and red algae M1Pases (Table 4 ). However, SjaM1Pase2 exhibited the highest phosphatase 2 3 3 activity in the presence of G1P, which was almost 1.1 times that of M1P, and was similar to the 2 3 4 9 substrate specificity of M1Pase from Dixoniella grisea. In addition, more than 90% enzymatic 2 3 5 activity was detected in SjaM1PDH2 and both SjaM1Pases after storage at 4°C for 72 h, 2 3 6
suggesting that the recombinant proteins were quite stable under the purification conditions tested. 2 3 7 2 3 8 To analyze the gene expression levels in different generations, tissues, sexes, and 2 9 2 environmental conditions of S. japonica, RNA-seq and droplet digital PCR experiments were 2 9 3
conducted. The regulation of metabolism in Saccharina is highly complex and can be divided into 2 9 4 four general levels. First, the genes (including different gene family numbers) were all expressed 2 9 5
constitutively. The gene expression levels were examined at various generations (female and male 2 9 6 gametophytes; sporophytes) and in different tissues (rhizoids, stipe, blade tip, blade pleat, blade 2 9 7 base, and blade fascia) of Saccharina. All four genes (including seven family numbers) were 2 9 8 detected in different samples ( Figure 5 ). The FPKM value range of Saccharina transcripts was 2 9 9 approximately 1.2-300 (Table 5 ). 3 0 0
Second, most pathway genes encode reversible enzymes, which control the balance between 3 0 1 mannitol and F6P and dynamically maintain the "saccharide pool" in vivo. As a circular pathway, 3 0 2 mannitol metabolism is closely related to alginate, fucoidan, laminarin, and trehalose metabolism 3 0 3 through the intermediate product F6P. The first gene that transforms F6P to mannitol is M1PDH 3 0 4 (M1PDH1 and M1PDH2), and the first gene that transforms into alginate and fucoidan is mannose 3 0 5 phosphate isomerase MPI (MPI1 and MPI2) (Chi et al., 2017) . The expression levels of 3 0 6
SjaM1PDH and SjaMPI were opposite in most tissues ( Figure 6 ). For example, the expression 3 0 7 level of SjaMPI1 was 3.8 times that of SjaM1PDH1 in blade fascia, whereas the expression level 3 0 8
of SjaM1PDH1 was 2.7 times that of the SjaMPI1 in stipe. 3 0 9
Third, enzyme activity and gene expression analyses were used to determine the dominant 3 1 0 genes in mannitol synthesis. The mannitol synthesis pathway includes two genes, M1PDH and 3 1 1
M1Pase; the former catalyzes the reversible reaction, and the latter only catalyzes the positive 3 1 2 reaction. Regarding the two M1Pase family members, the expression of SjaM1Pase1 in different 3 1 3
tissues was significantly higher than that of SjaM1Pase2 (the former was 2.0-19.4 times that of 3 1 4 the latter; Figure 7) . The expressional levels of SjaM1Pase2 in different tissues were not 3 1 5 significantly different, but were adversely affected by SjaM1Pase1 under hyperthermia (18°C) 3 1 6 stress. SjaM1Pase2 was obviously upregulated 2.0 times, whereas SjaM1Pase1 was 3 1 7 downregulated 2.0 times. 3 1 8
Finally, the overall gene expression profiles differed between the gametophyte and 3 1 9 sporophyte generations. The average gene expression levels in the gametophyte and sporophyte 3 2 0 1 4 generations were further compared. Most genes (SjaM1PDH1, SjaM1Pase1, SjaM2DH, SjaHK1, 3 2 1
and SjaHK2) were expressed at significantly higher levels in sporophytes than in gametophytes, 3 2 2 with increases of 2.8-, 7.3-, 3.1-, 5.6-, and 4.7-fold, respectively ( Figure 8A ). However, the 3 2 3 expression levels of SjaM1PDH2 and SjaM1Pase2 did not differ significantly between the two 3 2 4
generations. In addition, there were no significant differences in the expression of all pathway 3 2 5 genes in female and male gametophytes ( Figure 8B ). To complete these observations, further 3 2 6
analysis was focused on changes in the expression of the genes using algal samples subjected to 3 2 7 abiotic stress. Interestingly, these genes in different generations had the opposite response 3 2 8 mechanisms to environmental stress. Under hyposaline conditions, the transcript levels of all 3 2 9
genes were upregulated, exhibiting increases of 1.2-16.2-fold in gametophytes. In contrast, the 3 3 0 expression levels of all genes were decreased 1.9-3.7-fold in sporophytes (Table 5 ). Furthermore, 3 3 1 these variations followed a similar trend under hyperthermic stress. The transcript levels of all 3 3 2 genes were upregulated (1.2-12.5 times) in gametophytes, whereas most genes (except 3 3 3
SjaM1PDH2 and SjaM1Pase2) were downregulated (1.4-3.0 times) in sporophytes (Table 5 ). 3 3 4 3 3 5 Mannitol metabolism genes were constitutively expressed in brown algae, which 3 4 0 satisfied the requirement for mannitol synthesis and accumulation for physiological
Mannitol is the fundamental carbon-storage molecule and osmotic regulator in brown algae, and 3 4 3 mannitol metabolism is one of the main traits that makes brown algae unique compared with other 3 4 4 eukaryotic algae (Shao et al., 2014) . As a basal metabolic pathway, mannitol metabolism has 3 4 5 fewer pathway steps (a total of four steps) and relatively few gene family members (1-2 copies of 3 4 6 each gene in most brown algae). This mechanism differs obviously from some special elements, 3 4 7 such as halogen metabolism (about 89 gene family members in S. japonica, unpublished data), 3 4 8
and because of the single product (mannitol), this pathway does not contain complex synthesis and 3 4 9
modification genes, such as glycosyltransferase, sulfurtransferase, and mannuronate 3 5 0
C5-epimerases genes, as observed in alginate and fucoidan metabolism (which contain dozens to 3 5 1 more than 100 genes) (Chi et al., 2017) . Therefore, analysis of mannitol metabolism is critical for 3 5 2
the study of pathway regulation and environmental adaptation of brown algae. 3 5 3
Of the four pathway genes, M1PDH, M1Pase, and HK genes have a "backup" gene (only 3 5 4
M2DH has one copy). Moreover, about 80% of brown algal species in our analysis also harbor 3 5 5 similar gene numbers. There are three M1PDH unigenes in E. siliculosus, but only two copies are 3 5 6
found in the S. japonica genome. The transcriptomic data of 19 Phaeophyceae species also 3 5 7
identified two M1PDH copies expressed in brown algae, except Ectocarpales. To confirm the 3 5 8
M1PDH gene duplicates in brown algae, genome sequencing data of Undaria pinnatifida and 3 5 9
Costaria costata (both belonging to Laminariales) were analyzed; these organisms were both 3 6 0 found to possess M1PDH1 and M1PDH2. The third unigene of M1PDH in Ectocarpales may be 3 6 1 explained by the duplication of an M1PDH1 sequence (Tonon et al., 2017) . Unlike in other 3 6 2 primary endosymbiotic (e.g., red algae) and secondary endosymbiotic (e.g., Dictyochophyceae) 3 6 3 algae, which have only one gene copy (Tonon et al., 2017) , brown algae have two M1Pase genes 3 6 4 (Table S2 ). Transcriptome analysis demonstrated that all four genes were constitutively expressed 3 6 5
(at least at the RNA level) in brown algae. In addition, further investigations revealed that these 3 6 6
genes are also constitutively expressed at various generations and in different tissues ( Figure 5 ; 3 6 7 Table S5 ). Even under dark conditions, all genes in the pathway were detected (the FPKM dose 3 6 8
was 12.0-158.8, Table S5 ). During the development of Saccharina, zygotes divide continuously 3 6 9 from a single cell to form thallus sporophytes, which exhibit consistent increases in length, width, 3 7 0 and thickness. Mannitol is a central compound in plant carbon metabolism and in transportation 3 7 1 1 6
and distribution of the organic assimilate. Moreover, mannitol has important physiological 3 7 2 functions, such as osmotic regulation, antioxidant, thermal protection, and respiration substrate 3 7 3 (Schmitz, et al., 1972; Davison & Reed, 1985) . Therefore, these results suggest that brown algae 3 7 4
consistently synthesize mannitol for carbon storage and energy. 3 7 5 3 7 6
Specific expression and regulation of the circular metabolism 3 7 7
Saccharina mannitol metabolism is a unique circular metabolic pathway, having few steps (four 3 7 8
genes, seven copies), i.e., far less than other metabolic pathways such as alginate (six genes, 133 3 7 9 copies) (Chi et al., 2017) , fucoidin (nine genes, 71 copies) (Chi et al., 2017) , and trehalose (three 3 8 0 genes, 11 copies) (Chi et al., 2015; unpublished data) pathways. As the shared substrate, F6P can 3 8 1 be used to synthesize other basic metabolites, such as alginate and fucoidan, and the regulation of 3 8 2 mannitol synthesis genes in Laminariales could involve a complex integrated system. For example, 3 8 3
the expression level of the first gene in mannitol, alginate, and fucoidan metabolic pathways was 3 8 4
found to differ substantially among tissues ( Figure 6 ), indicating that more F6P could be utilized 3 8 5
in the synthesis of alginate and fucoidan. This is consistent with the finding that the accumulation 3 8 6 of mannitol has an inverse relationship with that of alginate and fucoidan (Kaliaperumal and 3 8 7 Kalimuthu, 1976; Ji, 1963) . Mannitol metabolism can finely regulate the balance between 3 8 8 mannitol and F6P and further affect other related pathways, such as alginate and fucoidan, which 3 8 9 function to maintain the "saccharide pool" in vivo. protein ATU0790 from Agrobacterium tumefaciens strain C58 (PDB code 2FDR) with orthologs 5 1 0 at pH 8.5 was set to 100%. P < 0.01 compared to pH 8.5. F. Influence of different pH on the 5 2 0 2 1 activity of SjaM1Pase2. Enzyme activity at pH 8.5 was set to 100%. P < 0.05 compared to pH 8.5.
2 1
The values represent means ± SD calculated from three assays. 5 2 2 and gametophytes) and tissues (rhizoids, stipe, blade tip, blade pleat, blade base, and blade fascia). 5 2 9
All genes were constitutive expressed in different samples. 5 3 0 (gametophytes and sporophytes). Most of the gene transcript levels of sporophytes were much 5 3 9
higher than that of gametophytes (P < 0.05). (B) Expression levels of mannitol metabolism genes 5 4 0 at different sexse (female gametophytes and male gametophytes). No significant differences were 5 4 1 observed between these samples. 
